The binding protein (BiP; a member of the heat-shock 70 family) is a major chaperone of the endoplasmic reticulum (ER). Interactions with BiP are believed to inhibit unproductive aggregation of newly synthesized secretory proteins during folding and assembly. In vitro, BiP has a preference for peptide sequences enriched in hydrophobic amino acids, which are expected to be exposed only in folding and assembly intermediates or in defective proteins. However, direct information regarding sequences recognized in vivo by BiP on real proteins is very limited. We have shown previously that newly synthesized monomers of the homotrimeric storage protein phaseolin associate with BiP and that phaseolin trimerization in the ER abolishes such interactions. Using different phaseolin constructs and green fluorescent protein (GFP) fusion proteins, we show here that one of the two ␣ -helical regions of polypeptide contact in phaseolin trimers (35 amino acids located close to the C terminus and containing three potential BiP binding sites) effectively promotes BiP association with phaseolin and with secretory GFP fusions expressed in transgenic tobacco or in transfected protoplasts. We also show that overexpressed BiP transiently sequesters phaseolin polypeptides. We conclude that one of the regions of monomer contact is a BiP binding determinant and suggest that during the synthesis of phaseolin, the association with BiP and trimer formation are competing events. Finally, we show that the other, internal region of contact between monomers is necessary for phaseolin assembly in vivo and contains one potential BiP binding site.
INTRODUCTION
Secretory proteins are inserted cotranslationally into the endoplasmic reticulum (ER), the gateway of the secretory pathway. In the ER, newly synthesized polypeptides undergo folding and multimeric proteins assemble (for review, see Vitale and Denecke, 1999) . Once these structural maturations have been completed, secretory proteins are transported to the cell surface or the vacuoles (lysosomes in animal cells), in most cases via the Golgi complex. Several helper proteins that reside in the ER assist folding and assembly. The binding protein (BiP) is one such resident and a member of the heat-shock 70 family of molecular chaperones (for review, see Gething, 1999) . BiP transiently binds many (perhaps all) newly synthesized polypeptides in the ER lumen and is believed to increase the efficiency of the folding and assembly of secretory proteins by inhibiting unproductive and irreversible aggregation during these processes. BiP contains an N-terminal ATPase domain and a C-terminal peptide binding domain (Gething, 1999) . ATP binding to the N-terminal domain triggers the release of the bound peptide from the binding site. BiP also is implicated in protein translocation and in sealing the lumenal side of the ER translocon when this is not active and during the integration of transmembrane proteins into the ER membrane (Hamman et al., 1998; Haigh and Johnson, 2002) . Finally, BiP interacts more extensively with structurally defective polypeptides and plays a role in their retrotranslocation into the cytosol for disposal. BiP can avoid the aggregation of such defective proteins, probably facilitating their retrotranslocation through the rather narrow translocation pore (Nishikawa et al., 2001) , although it also can become part of stable aggregates when massive synthesis of misfolded proteins occurs (Sparvoli et al., 2000) .
One of the features of BiP is its ability to recognize polypeptides only when these are unfolded, misfolded, or, in the case of multimeric proteins, unassembled (Gething, 1999; Vitale and Denecke, 1999) . Thus, the peptide binding domain is able to bind a wide variety of nascent polypeptides without recognizing a specific amino acid sequence; at the same time, it can discriminate between native and unfolded structures. Structural studies of the peptide binding site of the bacterial BiP homolog DnaK have revealed that the chaperone can bind polypeptide chains in an extended conformation (Zhu et al., 1996) .
In vitro experiments using synthetic random sequences showed that BiP preferentially recognizes peptides with a high content of hydrophobic residues (Flynn et al., 1991) . The minimal length recognized was a heptapeptide (Flynn et al., 1991) , with the hydrophobic residues present at least at four alternate positions (Blond-Elguindi et al., 1993) . The hydrophobic nature 1 These authors contributed equally to this work. 2 Current address: Centre for Plant Sciences, University of Leeds, Leeds LS2 9JT, UK. 3 Current address: VTT Biotechnology, P.O. Box 1500, 02044 Espoo, Finland. 4 Current address: Division of Vascular Biology, Department of Cell Biology, CVN-VB5, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037. 5 To whom correspondence should be addressed. E-mail vitale@ibba. cnr.it; fax 39-02-23699411. Article, publication date, and citation information can be found at www.plantcell.org/cgi/doi/10.1105/tpc.013052. of the recognized sequences agrees with the proposed role of BiP in vivo, because such sequences probably are exposed on the protein surface only in folding and assembly intermediates.
The BiP Score program was developed to identify potential BiP binding sites. This program was based initially on results from the in vitro affinity panning of a peptide phage display library (Blond-Elguindi et al., 1993) and was refined using data from the in vitro interaction of BiP with peptides synthesized based on the sequences of immunoglobulin chains and gp160 of Human immunodeficiency virus (Knarr et al., 1995 (Knarr et al., , 1999 . The main parameter for the evaluation of affinity for BiP was the ability of a given peptide to stimulate in vitro the ATPase activity of the chaperone. In immunoglobulin heavy and light chains (Knarr et al., 1995; Augustine et al., 2001) , in gp160 (Knarr et al., 1999) , and in the lysosomal hydrolase N -acetylglucosamine-4-sulfatase (Bradford et al., 1999) , most of the predicted potential sites of BiP binding involve interdomain or subunit contact sites or hydrophobic residues that are buried within the folded protein, as revealed by crystallography. However, at present, there is scarce evidence regarding whether these predictions apply to in vivo situations: direct information on sequences recognized in vivo on real proteins, in any eukaryotic system, is very limited.
The expression of truncated immunoglobulin polypeptides shows that the C1 constant domain of heavy chains and the variable domain of light chains determine the in vivo BiP binding to unassembled subunits (Hendershot et al., 1987; Skowronek et al., 1998) . Each of these domains is ‫ف‬ 110 amino acid long. Another region of BiP binding in vivo has been identified in one of the surface proteins of Hepatitis B virus . This has been demonstrated by showing that BiP interacts in vivo with the large (L) but not with the middle (M) surface protein (Cho et al., 2003) . The two proteins are synthesized by the host's secretory pathway and are highly related: they differ only because the L protein has an N-terminal extension (pre-S1 sequence; 108 or 119 residues, depending on the subtype) absent from the M protein. Therefore, the pre-S1 sequence is a BiP binding determinant. This segment also is recognized by BiP in vitro (Cho et al., 2003) .
In the present work, we have attempted to identify in vivo the BiP binding regions in a plant protein, phaseolin. Phaseolin is a homotrimeric vacuolar storage glycoprotein. Phaseolin trimers are held together mainly by hydrophobic interactions between two ␣ -helical clusters (Lawrence et al., 1990 (Lawrence et al., , 1994 , one located near the center of the linear sequence and one located near the C terminus ( Figures 1A and 1B) . The crystal structure of phaseolin reveals that the C-terminal ␣ -helical region of a monomer interacts with the central ␣ -helical region of the interacting monomer to form trimers ( Figures 1B and 1C) .
We have shown previously that phaseolin polypeptides associate transiently with BiP only before trimer formation (Vitale et al., 1995) . Conversely, phaseolin mutants that are unable to form trimers show prolonged interactions with BiP in the ER before being degraded by quality control (Pedrazzini et al., 1994 (Pedrazzini et al., , 1997 Frigerio et al., 2001b) . This stable interaction suggests that BiP binding sites normally hidden in the trimers remain exposed in assembly-defective monomers. Therefore, we resolved to determine whether phaseolin regions involved in trimerization are effectively BiP binding sites in vivo. The results presented here confirm this hypothesis.
RESULTS

The C-Terminal Domain of Phaseolin Stimulates the Interaction of Secretory Green Fluorescent Protein with BiP
We have shown previously that mutants of phaseolin partially or totally lacking the C-terminal domain are unable to assemble (Pedrazzini et al., 1994 (Pedrazzini et al., , 1997 Frigerio et al., 2001b) . This do- (A) Scheme of the secondary structure of a phaseolin polypeptide. ␣1␣2␣3, ␣-helical clusters involved in assembly; ␤, ␤-barrel domains. (B) Three-dimensional structure of a phaseolin polypeptide. N, N terminus; C, C terminus. (C) Three-dimensional structure of a phaseolin trimer. (D) Amino acid sequence of ␤-phaseolin as deduced from the cDNA sequence, including the signal peptide (highlighted in gray). The ␣-helical domains involved in subunit contacts are underlined. The lines above the sequence indicate the putative BiP binding sites, and the numbers indicate their BiP affinity scores according to the BiP Score algorithm. Only sites with a score unequivocally Ͼ6 are shown. The glycosylation sites are double underlined. The arrowheads point to residues relevant in the construction of the recombinant proteins used in this work. The structures in (B) and (C) were drawn from file 2PHL.pdb using RasMol. main includes a cluster of three ␣ -helices followed by a less structured terminal sequence (Figure 1) (Lawrence et al., 1994) . The last four amino acids (AFVY; Figure 1D ) are a propeptide removed upon vacuolar delivery and constitute the vacuolar sorting signal of phaseolin (Frigerio et al., 1998) . We wanted to determine whether the C-terminal domain contains sites that actually promote BiP binding in vivo. According to the BiP scoring algorithm, heptapeptides with scores Ͼ 6 have a 50% or greater probability of binding to BiP in vitro (Knarr et al., 1999) . The C-terminal domain of phaseolin is predicted by the program to contain 4 putative BiP binding sites with scores Ͼ 6, out of 17 such sites in the sequence of mature phaseolin ( Figure  1D ). The signal peptide contains multiple additional sites (Figure 1D ). This has been noted for other proteins (Blond-Elguindi et al., 1993; Knarr et al., 1999) and is expected, given the hydrophobic nature of signal peptides. Signal peptides bind the protein translocation channel of the ER (Mothes et al., 1998) , and in most cases, including that of phaseolin (Bollini et al., 1983) , they are cleaved off the nascent chain cotranslationally. However, it has not been established conclusively whether they ever come in contact with BiP.
To test the ability of the phaseolin C-terminal domain to promote interactions with BiP, we used a secretory form of green fluorescent protein (GFP) as a reporter. GFP is a small soluble protein that is secreted efficiently when introduced into the plant ER via a signal peptide (Batoko et al., 2000; Frigerio et al., 2001a) . A number of C-terminal additions have been performed on ER-introduced GFP without affecting its fluorescence, and therefore its folding, in plant cells (Haseloff et al., 1997; Di Sansebastiano et al., 1998; Benghezal et al., 2000; Frigerio et al., 2001a) . These characteristics make it a good reporter for studies of plant secretory pathway mechanisms. We first fused the phaseolin sequence encoding amino acids 361 to 417 in frame to the C terminus of a secreted form of GFP (sGFP; which contains a signal peptide for entry into the ER) in a construct termed sGFP418 (Figure 2 ). In sGFP418, the C-terminal domain of phaseolin should be forced permanently into a state similar to that in unassembled phaseolin subunits, because it cannot interact with its natural interchain partner. The phaseolin fragment in sGFP418 includes the C-terminal ␣ -helical region but is devoid of the vacuolar sorting signal ( Figures 1D and 2 ). This signal is not part of a strong potential BiP binding sequence and is not necessary for phaseolin trimerization, but it must promote uncharacterized interactions between phaseolin and the vacuolar sorting machinery, because a mutated phaseolin without AFVY forms trimers efficiently but is secreted (Frigerio et al., 1998) . To simplify as much as possible our protein-protein interaction system, we avoided the inclusion of the AFVY sequence in the GFP construct.
We generated transgenic tobacco plants expressing sGFP418. To detect BiP interactions, protoplasts were isolated from leaves of transgenic plants and subjected to pulse labeling for 1 h using a mixture of 35 S-Met and 35 S-Cys. Protoplast homogenates then were immunoprecipitated with either anti-GFP or anti-BiP antiserum, and the selected polypeptides were analyzed by SDS-PAGE and fluorography. When anti-GFP was used for the first round of immunoprecipitation, a polypeptide of the size expected for sGFP418 was selected (Figure 3 , lane 1). Upon longer film exposure, a polypeptide of the size predicted for BiP also was detectable (data not shown). When using anti-BiP antiserum, the major band coselected with BiP comigrated with sGFP418 ( Figure 3 , lane 2). In vitro treatment with ATP stimulates the ATPase activity of BiP, causing the release of the bound proteins or peptides (for phaseolin, see Vitale et al., 1995; Pedrazzini et al., 1997) . ATP treatment in vitro fully released the putative sGFP418 from the anti-BiP immunoprecipitate, indicating that the association is attributable to the chaperone activity of BiP and not to nonspecific interactions (Figure 3, lane 3) . This finding is similar to that observed for assembly-defective phaseolin mutants (Pedrazzini et al., 1997) . The ATP-released material was recognized by anti-GFP antiserum (Figure 3 , lane 4), confirming that sGFP418 is the major newly synthesized ligand of BiP in this transgenic plant. Analysis of protoplasts by confocal microscopy showed that sGFP418 is fluorescent (data not shown). Thus, we postulate that the fusion protein is folded correctly; therefore, BiP binding at sGFP418 sequences normally hidden in wild-type GFP is unlikely.
As controls, we produced and analyzed transgenic tobacco plants expressing an HDEL-tagged version or an AFVY-tagged version of sGFP. Many soluble residents of the ER have the tetrapeptide HDEL or KDEL as C-terminal sequences. These tetrapeptides afford ER residence and function also when placed by genetic engineering at the C terminus of proteins normally destined to secretion or vacuolar delivery (for review, see Vitale and Denecke, 1999) . Thus, sGFPHDEL is retained in the ER and is used to highlight this compartment in living plant cells (Haseloff et al., 1997) . sGFPAFVY, on the other hand, is sorted to the vac- All phaseolin constructs, except AC1, are derived from T343F and therefore have only one glycosylation site, at Asn-252. AC1 is derived from wild-type phaseolin and therefore also is glycosylated at Asn-341. When present, the phaseolin vacuolar sorting signal AFVY is indicated. The black portion of AC1 indicates the unstructured nine-amino acid linker added to this construct. ␣1␣2␣3, ␣-helical clusters involved in phaseolin assembly; ␤, ␤-barrel domains; SP, signal peptide.
uole (Frigerio et al., 2001a) . After 1 h of pulse labeling, neither of the two GFP constructs could be coselected using anti-BiP antiserum ( Figure 3 , lanes 5 to 8), indicating that permanence in the ER does not result directly in the interaction with BiP detected by our assay and that the addition of the vacuolar sorting signal of phaseolin does not stimulate interactions with BiP.
Therefore, the portion of phaseolin fused to GFP in the construct sGFP418 is sufficient to stimulate BiP binding. We also produced a GFP fusion to a shorter version of the C-terminal domain of phaseolin that includes only the three ␣ -helical segments (residues 361 to 395) ( Figure 1D ). This construct was termed sGFP396 (Figure 2 ). Some of the amino acids immediately following residue 396 are involved in intrachain interactions with the C-proximal ␤ -sheet domain (Lawrence et al., 1994) , possibly contributing to positioning the C-terminal helical cluster in the folded phaseolin monomer. The rest of the phaseolin region between amino acids 396 and 417 is mostly unstructured (Lawrence et al., 1990 (Lawrence et al., , 1994 , but it contains one potential BiP binding site ( Figure 1D ). The interactions of BiP with sGFP418 and sGFP396 were compared by transient expression in tobacco protoplasts followed by radioactive pulse labeling. The anti-BiP antiserum coselected polypeptides of the molecular weights corresponding to each of the GFP fusions ( Figure 4 , lanes 1 to 4; cf. immunoselections with anti-GFP and anti-BiP antiserum for each construct). ATP treatment of the anti-BiP immunoprecipitate followed by immunoprecipitation of the released material with anti-GFP antiserum confirmed that sGFP396 was coselected with BiP ( Figure 4 , lanes 5 to 7). sGFP396 accounts for only a portion of the total amount of the fusion protein synthesized after a 1-h pulse, but it is a major component associated with BiP ( Figure 4 , lanes 1 and 2). In this respect, there does not seem to be a marked difference between it and sGFP418 ( Figure 4 , lanes 3 and 4). We conclude that the three C-terminal ␣ -helical segments of phaseolin are sufficient to stimulate the association of BiP with the reporter protein.
Note that the sGFP constructs used in this study also produce a minor polypeptide of lower molecular mass (visible in Figure 4 , lanes 1 and 3; see also Figure 3 , lanes 1 and 5; in the case of GFPHDEL-lane 7 in Figure 3 -the fragment is below the portion of the fluorograph shown in the figure). The decrease in molecular mass is ‫ف‬ 4 kD and is independent of the length of the added phaseolin segment. Therefore, these fragments must be devoid of an N-terminal portion of GFP, but we do not know if they originate from alternative translation or from very rapid minor proteolysis. This question was not investigated further.
The C-Terminal Phaseolin ␣ -Helical Domain Increases the Affinity of Unassembled Phaseolin Monomers for BiP
We next wanted to determine whether the C-terminal ␣ -helical domain promotes the binding of phaseolin monomers to BiP. For this purpose, we needed to compare the behavior of phaseolin Tobacco leaf protoplasts were transfected transiently with plasmids encoding sGFP396 (lanes 1, 2, and 5 to 7) or sGFP418 (lanes 3 and 4) and pulse-labeled for 1 h with 35 S-Met and 35 S-Cys. Cell homogenates were subjected to immunoprecipitation with anti-BiP or anti-GFP antiserum as indicated. The sample in lane 7 was first immunoselected with antiBiP antiserum and treated in vitro with ATP; the released material finally was used for immunoselection with anti-GFP antiserum. The positions of the GFP fusions and of BiP are indicated. mutants that remain monomeric (because we know that assembly conceals BiP binding sites) with or without the C-terminal ␣ -helical segments.
T343F phaseolin was the starting construct to produce the assembly-defective mutants ⌬ 396 and ⌬ 360 (Figure 2 ). T343F is assembly competent and sorted to the vacuole (Pedrazzini et al., 1997) . In T343F (and all of its derivatives), the second glycosylation site, N341FT, is inactivated by mutagenesis (Pedrazzini et al., 1997) . This site is used only partially in vivo (Bollini et al., 1983) , and its inactivation does not affect the in vivo assembly or intracellular traffic of phaseolin, but it makes its banding pattern simpler (Pedrazzini et al., 1997; Frigerio et al., 1998 Frigerio et al., , 2001b . Therefore, the phaseolin constructs derived from T343F have a single glycosylation site that is used efficiently, N252LT, although a small proportion of each construct also is synthesized in an unglycosylated form; on SDS-PAGE gels, each construct is represented by an abundant band and a second, less abundant (sometimes barely detectable) and slightly faster migrating band.
Phaseolin ⌬ 360 has a stop codon before the start of the helical cluster ( Figures 1D and 2 ) and remains monomeric in vivo (Pedrazzini et al., 1997) . A new phaseolin mutant, ⌬ 396, was produced; it has a stop codon immediately after the end of the third and last C-terminal ␣ -helix ( Figures 1D and 2) . The portion present in ⌬ 396 but not in ⌬ 360 corresponds to the segment added to sGFP396. We first verified whether ⌬ 396 is able to trimerize. Tobacco protoplasts were transfected transiently with plasmids encoding ⌬ 396, ⌬ 360, or T343F. After pulse labeling, cell homogenates were treated with ATP and subjected to centrifugation on a sedimentation velocity sucrose gradient. ATP treatment was performed to ensure that phaseolin monomers would not remain bound by BiP in this experiment. Proteins were immunoselected from each fraction with anti-phaseolin antiserum. Figure 5A shows that both ⌬ 360 and ⌬ 396 sediment as monomers, whereas the vast majority of T343F molecules were already trimeric after the pulse. Therefore, ⌬ 396 is an assembly-defective mutant, like ⌬ 360. This is probably because, as noted above, the sequence immediately following the third ␣ -helix has intrachain interactions with the second ␤ -sheet domain (Lawrence et al., 1994) . Such interactions may play a key role in positioning the C-terminal helical cluster in the configuration needed for interchain contacts.
When immunoselection after pulse labeling was performed with anti-phaseolin antiserum, BiP was coselected with ⌬ 396 and, to a lesser extent, with ⌬ 360 (Figure 5B , cf. lanes 3 and 4). As expected, the association of BiP with T343F, which rapidly forms trimers, was barely detectable ( Figure 5B , lane 2). Consistently, when immunoselection was performed with anti-BiP antiserum, ⌬ 396 but not T343F was coselected with the chaperone ( Figure 5B , cf. lane 6 with lane 8). The identification of ⌬ 360 coselected using anti-BiP antiserum is problematic, because one of the endogenous tobacco polypeptides coselected with the chaperone (Figure 5B , arrowhead; see the control sample in lane 5) migrates just above the phaseolin mutant. However, it appears that ⌬ 360 also is coselected with BiP, as expected, albeit to a lesser extent than ⌬ 396 ( Figure 5B, lane 7) .
To directly compare the affinity of BiP for ⌬ 360 and ⌬ 396, the two phaseolin constructs were coexpressed in tobacco protoplasts. After pulse labeling, proteins were immunoselected with either anti-phaseolin or anti-BiP antiserum. Preliminary experiments (data not shown) were performed in which the two plasmids were mixed in different proportions to establish similar levels of synthesis of the two constructs. The results shown in Figure 6 indicate that even when ⌬ 360 is synthesized in slightly greater amounts than ⌬ 396 (lane 1), a larger proportion of the latter clearly was associated with BiP in an ATP-sensitive manner (lanes 2 and 3) ( ⌬ 360 associated with BiP is visible only after a longer exposure of the fluorograph; data not shown). This finding indicates that the C-terminal ␣ -helical region of phaseolin promotes BiP binding to truncated, assembly-defective phaseolin and suggests that it also is a determinant for BiP binding to unassembled wild-type phaseolin. (A) Tobacco leaf protoplasts were transfected transiently with plasmids encoding T343F, ⌬396, or ⌬360 and pulse-labeled for 1 h with 35 S-Met and 35 S-Cys. Cell homogenates were treated with ATP to release BiP from its ligands and subjected to sedimentation velocity fractionation on a continuous sucrose gradient. Gradient fractions were subjected to immunoprecipitation with the anti-phaseolin antiserum and analyzed by SDS-PAGE and fluorography. The top of the gradients is at left. The positions of monomers and trimers are indicated at top. Only the portions of the gels containing phaseolin are shown. (B) Tobacco leaf protoplasts were transfected transiently with plasmids encoding the phaseolin constructs T343F, ⌬396, and ⌬360 or with the pDHA plasmid without insert (Co). Cells were pulse-labeled with 35 SMet and 35 S-Cys for 1 h. Cells then were homogenized and subjected to immunoprecipitation with either anti-phaseolin or anti-BiP antiserum, and the immunoselected material was analyzed by SDS-PAGE and fluorography. The positions of BiP and of the phaseolin constructs are indicated at left. The arrowhead indicates an endogenous tobacco polypeptide that normally is coselected using anti-BiP antiserum but that is not related to phaseolin. Numbers at right indicate molecular mass markers in kilodaltons.
Deletion of the Internal Region Involved in Contacts between Monomers Inhibits Assembly and Stimulates BiP Binding
In addition to the C-terminal ␣ -helical domain, other portions of phaseolin contain potential BiP binding sites ( Figure 1D ). One site is located within the internal ␣ -helical region that interacts with the C-terminal ␣ -helical region in phaseolin trimers (Figure 1) . We tested the effects of deleting this region from phaseolin. The deletion involved amino acids 178 to 220. This segment is mainly ␣ -helical but also contains a final portion with unordered structure (Lawrence et al., 1990) . Val-217 and Ile-219 belong to this final portion and interact directly with the C-terminal helix 2 (Lawrence et al., 1994 ) (these two amino acids are numbered in that study because the phaseolin signal peptide was not included in the numeration; our numeration starts from the beginning of translation). We also introduced a linker of nine amino acids with unordered structure in an effort to disturb as little as possible the movement and folding of the portion of phaseolin following the deletion. This construct, termed AC1 (Figure 2 ), was expressed in transgenic tobacco under the control of the 35S promoter.
Protoplasts were prepared from leaves and subjected to radioactive labeling. Velocity centrifugation showed that AC1 does not assemble ( Figure 7A ). Pulse-chase analysis revealed that AC1 is degraded without the production of detectable fragments in a process that is largely insensitive to the vesicular traffic inhibitor brefeldin A ( Figure 7B, lanes 1 to 4) , similar to assembly-defective constructs lacking the C-terminal region (Pedrazzini et al., 1997) . No secretion of AC1 was detectable (data not shown). Brefeldin A-insensitive degradation is diagnostic of the degradation of structurally defective proteins by ER quality control (for phaseolin, see Pedrazzini et al., 1997) . A polypeptide corresponding to BiP was coselected with AC1 and released from the immunoprecipitate by ATP treatment ( Figure 7B, lanes 1, 5, and 6 ). Figure 7B also shows the behavior of T343F in a similar pulse chase as a control (lanes 7 to 10). Upon vacuolar delivery in transgenic tobacco, phaseolin is hydrolyzed into fragments that can be used as markers for correct intracellular traffic (Sengupta-Gopalan et al., 1985; Pedrazzini et al., 1997) . The fragmentation of T343F is inhibited by brefeldin A, because it requires traffic to the vacuole ( Figure 7B , lanes 7 to 10) (Pedrazzini et al., 1997) .
We conclude that the internal region of phaseolin that is in contact with the C-terminal region is necessary for assembly and that its deletion promotes extended interactions with BiP followed by degradation by ER quality control.
Overexpressed BiP Transiently Sequesters Wild-Type Phaseolin
Our results indicate that BiP binds to at least one of the major regions involved in subunit interaction within the phaseolin trimer. Thus, we reason that in the ER there is competition between assembly and BiP association. This hypothesis was investigated by assessing whether overexpression of the chaperone could affect phaseolin trimerization. T343F phaseolin was coexpressed with a plasmid that encodes tobacco BiP under the control of the 35S promoter or with an equal amount of vector plasmid pDHA without insert as a control. As a first experiment, protoplasts were pulse-labeled for 1 h, homogenates were immunoselected using anti-BiP antiserum, and the unbound material was reimmunoselected with anti-phaseolin antiserum ( Figure 8A ). As expected, only a small proportion of T343F phaseolin was coselected with the chaperone in the control sample, whereas a large majority of the protein remained in the homogenate and was recovered only in the second round of immunoselection ( Figure 8A, lanes 1 and 2) . However, when BiP was overexpressed, a much larger proportion of newly synthesized phaseolin was found in association with the chaperone ( Figure 8A, lanes 4 and 5) . In vitro ATP treatment released this bound phaseolin ( Figure 8A , lane 6), indicating that the as- (A) In lanes 1 to 6, tobacco protoplasts were cotransfected transiently with the plasmid encoding T343F and the empty pDHA vector plasmid (lanes 1 to 3) or with plasmids encoding T343F and BiP (lanes 4 to 6). Cells were pulse-labeled for 1 h with 35 S-Met and 35 S-Cys. Cell homogenates then were subjected to immunoprecipitation with anti-BiP antiserum (lanes 2 and 5). The supernatants from these immunoprecipitations were reimmunoselected with anti-PHSL antiserum (lanes 1 and 4) . An aliquot of the material immunoselected with anti-BiP antiserum was treated in vitro with ATP (lanes 3 and 6). An equal number of labeled protoplasts was used for immunoselection in each lane. Numbers at right indicate molecular mass markers in kilodaltons. In lanes 7 and 8, tobacco protoplasts were transformed transiently with plasmid encoding T343F or P-KDEL. Cells were pulse-labeled for 1 h with 35 S-Met and 35 S-Cys. Cell homogenates then were subjected to immunoprecipitation with anti-phaseolin antiserum. Only the portions of the gels containing phaseolin are shown. (B) Tobacco protoplasts were cotransfected transiently with plasmids encoding T343F and BiP (lanes 1 and 2), T343F and empty pDHA plasmid (lanes 3 and 4), and T343F and sGFPHDEL (lanes 5 and 6). Cells were pulse-labeled for 1 h with 35 S-Met and 35 S-Cys. Proteins were immunoselected with anti-phaseolin antiserum and incubated with endoglycosidase H (ϩ) or without the enzyme (Ϫ) as a control. Analysis was by SDS-PAGE and fluorography. Only the portion of the gel containing phaseolin is shown. The positions of glycosylated and unglycosylated phaseolin are indicated at left. The number at right indicates a molecular mass marker in kilodaltons. (C) Tobacco protoplasts were cotransfected transiently with plasmid encoding T343F and empty pDHA plasmid or with plasmids encoding T343F and BiP. Cells were pulse-labeled for 1 h with 35 S-Met and 35 SCys. Cell homogenates then were treated with ATP and subjected to sedimentation velocity fractionation on a continuous sucrose gradient. Gradient fractions were subjected to immunoprecipitation with the antiphaseolin antiserum and analyzed by SDS-PAGE and fluorography. The top of the gradients is at left. In each gel, the last lane at right (Tot) contains immunoprecipitate from total unfractionated homogenates corresponding to one-tenth of the material loaded on the gradient. Only the portions of the gels containing phaseolin are shown. sociation is caused by the chaperone activity of BiP. Thus, overexpression of BiP increased the proportion of T343F associated with the chaperone. Moreover, glycosylation of phaseolin was inhibited partially by BiP overexpression (Figure 8A , cf. the phaseolin banding patterns in lanes 1, 4, and 5), suggesting that BiP binding may compete with access to oligosaccharyl transferase and thus occurs, at least in part, cotranslationally.
To verify that the faster migrating phaseolin band represents the unglycosylated polypeptide and not a product of proteolysis, phaseolin immunoprecipitated after pulse labeling was subjected to digestion in vitro by endoglycosidase H, an enzyme that removes N-linked glycans. Independently of BiP coexpression, digestion caused the disappearance of the slower migrating phaseolin band and its superimposition to the faster migrating band ( Figure 8A, lanes 1 to 4) . Most importantly, when BiP was coexpressed, no new band migrating faster than intact unglycosylated phaseolin was generated upon endoglycosidase H digestion ( Figure 8A, lanes 1 and 2) . This finding confirmed that no in vivo proteolysis occurred and that BiP coexpression inhibited phaseolin glycosylation.
Inhibition of glycosylation could be just a trivial effect of ER overload resulting from the transient expression of an ER-resident protein, in this case BiP. We have shown previously that P-KDEL (i.e., T343F with added KDEL at the C terminus) is a very stable protein that accumulates to high levels in the ER (Frigerio et al., 2001b) . Therefore, the ER of protoplasts transfected with P-KDEL contained additional levels of resident protein probably comparable to those overexpressing BiP (labeling was performed ‫51ف‬ h after transfection). However, newly synthesized P-KDEL was glycosylated as efficiently as T343F (Figure 8A, lanes 7 and 8) . In addition, when sGFPHDEL was coexpressed transiently with T343F, it did not inhibit phaseolin glycosylation ( Figure 8B , lanes 5 and 6). These results indicate that the inhibition of phaseolin glycosylation that occurs upon BiP overexpression is not a side effect of nonspecific ER protein overload.
Given that in bean cotyledons, BiP interacts only with phaseolin monomers (Vitale et al., 1995) , the results shown in Figure 8A suggest that overexpression of the chaperone inhibits trimer formation. Thus, we compared the assembly state of T343F with and without coexpression with BiP. After pulse labeling, cell homogenates were treated with ATP to destroy any interaction between BiP and phaseolin. Proteins then were separated by sedimentation velocity centrifugation on sucrose gradients, and phaseolin was immunoselected from each gradient fraction. The proportion of unassembled polypeptides clearly was increased upon BiP overexpression ( Figure 8B ).
Finally, we wanted to determine whether BiP overexpression could influence the intracellular traffic of phaseolin along the secretory pathway. Pulse-chase labeling followed by immunoselection with anti-phaseolin or anti-BiP antiserum showed that under normal circumstances, T343F was released rapidly from the chaperone and recovered mostly as vacuolar fragments after a 6-h chase ( Figure 9A, lanes 7 to 12) . Upon BiP overexpression, a relevant proportion of intact phaseolin was associated with BiP during the chase; however, vacuolar fragments eventually were formed ( Figure 9A, lanes 1 to 6) . When immunoselection was performed with anti-BiP antiserum, phaseolin fragments never were coselected with the chaperone ( Figure 9A , lanes 4 to 6 and 10 to 12), as expected from our previous observations that phaseolin intracellular traffic requires trimerization and is necessary for fragmentation (Pedrazzini et al., 1997) .
On the whole, Figure 9A shows that association with overexpressed BiP can persist for a long time but is mostly a transient event that may slow, but not permanently block, phaseolin traffic. A direct measure of the rate and efficiency of vacuolar deliv- ery is difficult in the case of transiently expressed phaseolin, because the high amount of protein synthesized per cell during transient expression saturates the vacuolar sorting machinery, leading to partial secretion (Frigerio et al., 1998) . However, the time-dependent decrease in the recovery of intracellular intact phaseolin can provide an indication of the rate of export from the ER-Golgi system (with some limitations; see Discussion). Such quantitative analysis, performed by scanning of fluorographs, confirmed that BiP overexpression initially slowed but did not permanently inhibit phaseolin traffic ( Figure 9B) . Indeed, BiP overexpression may even enhance, albeit only slightly, the long-term efficiency of phaseolin traffic ( Figure 9B , 6 h of chase).
DISCUSSION
Identification of a BiP Binding Region in Phaseolin
We have identified a relatively short sequence of phaseolin (57 amino acids) that promotes in vivo BiP binding when fused to the C terminus of a secretory version of GFP expressed in transgenic tobacco. The ␣-helical portion of this sequence (35 amino acids) also promotes BiP binding in transient expression experiments when fused to GFP and when present in assembly-defective phaseolin mutants. This portion is a major region of contact between subunits in wild-type phaseolin trimers. The 57-amino acid region contains four putative BiP binding sites, three of which are in the ␣-helical portion ( Figure 1D ), according to the score program defined by in vitro data obtained using synthetic peptides (Blond-Elguindi et al., 1993; Knarr et al., 1995 Knarr et al., , 1999 . Site-directed mutagenesis will be necessary to verify whether the characteristics for BiP binding defined by in vitro experiments apply in vivo to this phaseolin region. Comparison of the in vivo association of BiP with sGFP396 and sGFP418 indicates that the sequence following the ␣-helical portion is not necessary for the association of BiP with the C-terminal segment of phaseolin. This finding supports a model in which reciprocal masking of the internal and C-terminal ␣-helical clusters is the determinant factor that conceals BiP interactions in phaseolin trimers in vivo.
Many newly synthesized secretory proteins have been found in vivo in transient association with BiP. However, in spite of the vast amount of information on in vitro recognition properties using synthetic peptides, studies of where BiP binds in vivo to a given protein are limited. To our knowledge, the more detailed in vivo studies concern immunoglobulin heavy and light chains and the L surface protein of hepatitis B virus (Hendershot et al., 1987; Skowronek et al., 1998; Cho et al., 2003) . The identified BiP binding domains of these proteins are composed of ‫011ف‬ to 120 residues. Our study extends these findings to a shorter domain of a homotrimeric plant vacuolar protein.
Potential BiP binding sites are enriched in hydrophobic amino acids (Blond-Elguindi et al., 1993) . Indeed, key interactions between phaseolin subunits, as well as in many other oligomeric proteins, involve hydrophobic contacts. It has been observed that among the amino acids involved in the assembly of phaseolin, Leu-380 and Phe-382 are conserved in 7S proteins and are replaced only by other hydrophobic residues (Lawrence et al., 1994 ; note that in that article, the two amino acids are designated Leu-356 and Phe-358, because, as noted above, the signal peptide of 24 amino acids was not considered). The two residues are part of a potential BiP binding site in phaseolin ( Figure 1D ). We cannot exclude the possibility that in ⌬396 or sGFP396 the helical region containing the two residues has a different conformation than in assembled, wild-type phaseolin, but it is reasonable to assume that in the wild-type protein these residues interact with BiP until they are masked by trimerization, and our results support this hypothesis.
Certainly, the one we have identified is not the only in vivo BiP binding region of phaseolin, because it is absent in ⌬360 and ⌬363, two assembly-defective constructs that also interact with BiP (Pedrazzini et al., 1997) . The BiP program also predicts 13 additional sites with scores unequivocally Ͼ6 ( Figure 1D) . Some of these sites may be concealed during polypeptide folding, whereas others can remain exposed until assembly. Indeed, one of the sites is part of the central region involved similarly in subunit contacts. We have shown here that deletion of this region inhibits phaseolin assembly in vivo. The mutated construct, AC1, interacts extensively with BiP and is subjected to ER quality control. Thus, it is tempting to speculate that in AC1 the C-terminal region remains permanently exposed to BiP interactions.
In our assay, sGFPAFVY does not associate with BiP to comparatively relevant levels, nor does sGFP tagged with the ER retention signal HDEL. These findings are consistent with our previous observation that the addition of KDEL to phaseolin confers ER residence, and therefore close proximity to the population of ER-resident chaperones (BiP included), but does not alter proper assembly and does not stimulate BiP to act as a chaperone on the recombinant protein (Frigerio et al., 2001b) . Therefore, BiP can efficiently distinguish between unusually high concentrations of an H/KDEL-tagged but otherwise native protein in the plant ER and the presence of a sequence that has evolved to be masked during assembly processes.
BiP Binding and Phaseolin Maturation
We have shown here that BiP overexpression affects wild-type phaseolin. The proportion of BiP-associated polypeptides is increased, and newly synthesized monomers can be detected clearly. Finally, glycosylation is partially inhibited. We have shown that the inhibition of glycosylation is not a trivial side effect of the additional loading of the ER. Furthermore, tobacco BiP is not a glycoprotein; therefore, it cannot compete directly for glycosylation. We suggest that the decreased glycosylation is attributable to masking of the phaseolin glycosylation site (N252LT) by BiP binding; indeed, N252LT is part of a potential BiP binding site with a score of 8 ( Figure 1D ). Because the glycosylation of N252 is cotranslational (Bollini et al., 1983) , this finding indicates that BiP binding to phaseolin could start cotranslationally, at least when the chaperone is overexpressed. Cotranslational association with BiP has been observed previously during the synthesis of rice prolamins (Li et al., 1993) . Unlike phaseolin, these storage proteins assemble into extremely large and insoluble structures within the ER and are not transported farther.
The increased detection of phaseolin monomers when BiP is overexpressed is consistent with the finding that the C-terminal region involved in trimer formation also is a BiP binding determinant. Therefore, overexpressed BiP would interfere with the interactions between phaseolin monomers that lead to trimerization, possibly making more evident the competition between BiP binding and assembly that also could occur during the natural synthesis of phaseolin. Overexpressed BiP also could rescue newly synthesized subunits that normally aggregate or undergo other unproductive and nonspecific interactions before eventually being degraded by quality control. Judging from the proportion of newly synthesized phaseolin coselected with BiP when the chaperone is overexpressed, a sole rescuing function for the added BiP would indicate that unproductive phaseolin synthesis represents a relevant process in the absence of BiP overexpression, at least during transient synthesis in protoplasts. Moreover, it also suggests that the structurally unproductive phaseolin subunits become unavailable to immunoselection immediately after synthesis (perhaps because of aggregation and loss of solubility), whereas we have shown that severely defective phaseolin is available to immunoselection (AC1, ⌬360, and ⌬396 are discussed here; for ⌬363, see Pedrazzini et al., 1997) . Therefore, we favor the hypothesis that the main effect of the added BiP would be the transient inhibition of phaseolin assembly. However, the two roles of BiP-slowing assembly and preventing unproductive aggregation-are not necessarily alternative, as discussed briefly below.
BiP and the Intracellular Traffic of Phaseolin
Overexpression of BiP increases the production of functional recombinant proteins in yeast (Shusta et al., 1998) and insect cells (Tate et al., 1999) when measured as protein recovered after several days of culture. When the effect is measured using comparatively shorter pulse-chase experiments, overexpressed BiP was found to decrease the rates of structural maturation and secretion of a number of recombinant proteins (Dorner et al., 1992; Yang et al., 1998; Creemers et al., 2000; Jørgensen et al., 2000) . The two effects are not in antithesis and could actually emphasize the nature of BiP as a chaperone. Chaperones are defined as proteins that increase the efficiency of correct structural maturation but actually decrease its rate. Quantitative analyses of our pulse-chase experiments are consistent with this scenario, because the sequestration of assembly-competent phaseolin by overexpressed BiP was not permanent and in the long term did not block vacuolar delivery of the storage protein. As noted above, we do not know the percentage of T343F phaseolin that fails to mature properly in our transient expression experiments, but we know that failure to trimerize results in degradation by ER quality control after prolonged ER retention and interactions with BiP (Pedrazzini et al., 1997) . The availability of greater amounts of free BiP in the ER lumen may slow maturation but in the long term increase the probability of its final success if the bound ligands do not have permanent structural defects. It should be noted that this function of BiP is distinct from the one highlighted by Denecke and co-workers, who showed that BiP overexpression is necessary in tobacco protoplasts to support the synthesis of a secretory protein in the presence of ER stress (Leborgne-Castel et al., 1999) . That function seems to be related to the translocation process, whereas the function highlighted here regards structural maturation. Together, these results emphasize the critical role of BiP in the synthesis of plant secretory proteins.
METHODS
Recombinant DNA
All DNA sequences were inserted under the control of the 35S promoter of Cauliflower mosaic virus in the expression vector pDHA. For Agrobacterium tumefaciens-mediated transformation of plants, the linearized expression vector containing the sequence of interest was inserted into the binary vector pGA470.
The phaseolin constructs T343F and ⌬360 (formerly called T343F⌬360) have been described (Pedrazzini et al., 1997) . The ⌬396 deletion mutant was generated from the T343F coding sequence by introducing a stop codon at position 396 by means of m13-mediated mutagenesis. The following mutagenic antisense oligonucleotide was used: 5Ј-ACGATC-CACTCTATTTGTTGATCAG-3Ј.
AC1 was constructed starting from the wild-type phaseolin cDNA clone ␤31 (Slightom et al., 1985) . The sequence coding for amino acids 178 to 220 was deleted and substituted with a sequence coding for a nine-amino acid linker (GGGGSGGGG) using PCR-based mutagenesis and oligonucleotides 5Ј-TCGGATCCCGGGACTATGATGAGAGCAAGGGT-3Ј, 5Ј-TCGGATATAAGCTTGATATCGAATTC-3Ј, 5Ј-CCGGATCCGCCT-CCACCGGCTTCTGTGCTAGA-3Ј, and 5Ј-GCGGATCCGGGGGTGGAG-GTTCTGAACAGATTAAGGAAC-3Ј.
sGFPAFVY has been described (Frigerio et al., 2001a) . sGFPHDEL (plasmid pBIN-mGFP5-ER; a gift from Jim Haseloff, University of Cambridge, UK) contains the GFP5 coding sequence fused to the Arabidopsis thaliana basic chitinase signal peptide and the C-terminal endoplasmic reticulum (ER) retrieval signal HDEL. To generate sGFP, the HDEL sequence was removed from the pBIN-mGFP5-ER construct by PCR amplification using primers 5Ј-GGATCCATGAAGACTAATCTTTTT-CTC-3Ј (forward) and 5Ј-CTGCAGTTATTTGTATAGTTCATCCAT-3Ј (reverse). The amplified fragment was cloned into the BamHI-PstI sites of the expression vector pDHA. To generate sGFP418, the fusion between sGFP and residues 361 to 417 of phaseolin was obtained by PCR using the complementary oligonucleotides 5Ј-GGCATGGATGAAgcaggtaagacggacaatgtc-3Ј and 5Ј-gacattgtccgtcttacctgcTTTGTATAGTTCATC-CATGCC-3Ј, in which the bases shown in uppercase letters anneal to GFP and the bases shown in lowercase letters anneal to phaseolin. sGFP396 was generated by mutagenic PCR using sGFP418 as a template. The codon for Gln-396 (in the wild-type phaseolin sequence) was replaced by a stop codon using the mutagenic reverse primer 5Ј-CTG-CAGCTATTTGTTGATCAGCTTCATAAC-3Ј. All constructs were confirmed by sequencing. The 35S-BiP overexpression construct was a gift from Jürgen Denecke (plasmid pDE800) (Leborgne-Castel et al., 1999) .
Production of Transgenic Tobacco Plants and Transient Transformation of Leaf Protoplasts
A. tumefaciens LBA4404 containing sGFP418, sGFPHDEL, or AC1 was used to produce transgenic tobacco (Nicotiana tabacum cv Petit Havana SR1) plants as described by Pedrazzini et al. (1997) . The production of transgenic tobacco expressing sGFPAFVY has been described (Frigerio et al., 2001a) .
Protoplasts were prepared from axenic leaves (4 to 7 cm long) of tobacco cv Petit Havana SR1 (for transient transformation) or from transgenic tobacco plants. For transient transformation, protoplasts were subjected to polyethylene glycol-mediated transfection as described by Pedrazzini et al. (1997) . Vector pDHA without inserts was used as a negative control for transfection. Forty micrograms of plasmid was used to transform protoplasts at a concentration of 10 6 cells/mL. After transfection, protoplasts were allowed to recover overnight in the dark at 25ЊC in K3 medium (Pedrazzini et al., 1997) at a concentration of 10 6 cells/mL before pulse-chase experiments were performed.
In Vivo Labeling of Protoplasts and Analysis of Proteins
Radioactive labeling of protoplasts was performed using Pro-Mix (a mixture of 35 S-Met and 35 S-Cys; Amersham Biosciences, Little Chalfont, UK) as described by Pedrazzini et al. (1997) . Treatment with brefeldin A (Roche, Basel, Switzerland) was performed as described (Pedrazzini et al., 1997) . Protoplast homogenization was performed by adding to frozen samples 2 volumes of ice-cold homogenization buffer (150 mM TrisCl, 150 mM NaCl, 1.5 mM EDTA, and 1.5% Triton X-100, pH 7.5) supplemented with Complete protease inhibitor cocktail (Roche).
Immunoselection was performed as described previously (D'Amico et al., 1992) using protein A-Sepharose and the following antisera: rabbit polyclonal antiserum raised against phaseolin purified from mature bean seeds (D'Amico et al., 1992) ; polyclonal anti-BiP antiserum raised against a recombinant fusion between maltose binding protein and amino acids 551 to 667 of tobacco BiP (Pedrazzini et al., 1997) ; and polyclonal antiserum against GFP (Molecular Probes, Eugene, OR).
For the analysis of phaseolin assembly by sedimentation velocity, after pulse labeling and homogenization, homogenates were brought to 8 mM MgCl 2 and 3 mM ATP and loaded on top of a continuous 5 to 25% (w/v) linear sucrose gradient made in 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, and 50 mM Tris-Cl, pH 7.5. Samples were centrifuged at 100,000g for 20 h at 20ЊC. Phaseolin then was immunoselected from each gradient fraction (usually 18 fractions per gradient, ‫007ف‬ L each).
For digestion with endoglycosidase H, phaseolin was first immunoselected, and the protein A-Sepharose resin with the bound antibodies and antigen was washed twice with ice-cold water and resuspended in 50 L of endoglycosidase H denaturing buffer (New England Biolabs, Beverly, MA). The resuspension was denatured for 10 min at 100ЊC. Five microliters of 10ϫ G5 buffer (New England Biolabs) was added, and the solution was split into two aliquots. One aliquot (treated sample) was supplied with 200 International Union of Biochemistry milliunits of endoglycosidase H (recombinant; New England Biolabs); the other aliquot (control) was supplied with an equal volume of 20 mM Tris, 50 mM NaCl, 5 mM EDTA, pH 7.5 (this is the endoglycosidase H storage buffer). Incubation was for 1 h at 37ЊC. The samples then were subjected to SDS-PAGE.
Radioactive samples were analyzed by SDS-PAGE on 15% acrylamide gels. Rainbow 14 C-methylated proteins (Amersham Biosciences) or protein molecular weight markers (Fermentas, Vilnius, Lithuania) were used as molecular weight markers. Radioactive polypeptides were revealed by fluorography. Gels usually were treated with 2,5-diphenyloxazole dissolved in DMSO and dried. Alternatively, gels were dried without treatment and exposed using the intensifying screen BioMax Transcreen LE (Kodak, Rochester, NY). Measurement of the relative intensities of the bands in the fluorographs was determined by microdensitometry. Care was taken to use film exposures that were in the linear range of film darkening.
Treatment with ATP
For ATP-mediated release of BiP, protoplasts were first homogenized and subjected to immunoselection using anti-BiP antiserum as described above. The protein A-Sepharose beads, washed three times with washing buffer (D'Amico et al., 1992) , were incubated with 1 mL of BiP release buffer (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 6 mM MgCl 2 , and 3 mM ATP) for 1 h at 4ЊC under gentle agitation. The material still bound to the beads after this treatment was analyzed by SDS-PAGE and fluorography. In some experiments, the ATP-released material was brought to 50 mM Tris-Cl, pH 7.5, and 0.25% gelatin and reimmunoselected using anti-GFP or anti-phaseolin antiserum.
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